nitude and persistence of impairment depends on the duration of cannabis use or the age of exposure. 4, 5 With 25 years of repeated measurements of marijuana exposure starting in early adulthood, the Coronary Artery Risk Development in Young Adults (CARDIA) study provides an opportunity to assess the long-term effects of marijuana exposure among community-based adults. In year 25, CAR-DIA measured cognitive performance using standardized tests of verbal memory, processing speed, and executive function. We used these measurements to study the association between cumulative years of exposure to marijuana use and cognitive performance in middle age among CARDIA participants with marijuana exposures typical of the communities in which they live.
Methods

Study Design and Sample
The CARDIA study is a population-based epidemiologic study of 5115 adults aged 18 to 30 years at baseline; these adults were followed up from June 7, 1986 , to August 31, 2011. 7 Participants were recruited from March 25, 1985, to June 7, 1986 , by random selection of telephone numbers from designated census tracts in Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and by random selection from the membership list of a health care plan in Oakland, California. The sampling scheme was designed to achieve a balance at each of the 4 sites by race (self-identified as black, not Hispanic or white, not Hispanic), sex, educational level (high school degree or less or more than high school), and age (18-24 years or 25-30 years). All participants provided written informed consent, with institutional review board approval at each field center (University of Alabama at Birmingham, Northwestern University, University of Minnesota, and Kaiser Permanente).
Marijuana Exposure: Current and Cumulative
Current marijuana use was assessed at each in-person CARDIA visit (at baseline and after 2, 5, 7, 10, 15, 20 , and 25 years of follow-up) using the following survey question: "During the last 30 days, on how many days did you use marijuana?" Direct self-reported lifetime exposure was assessed using the question, "About how many times in your lifetime have you used marijuana?" We used current and lifetime use to compute marijuana-years, with 1 year of exposure equivalent to 365 days of marijuana use (eAppendix 1 in the Supplement). 8 We assumed that current use at each visit (ie, the number of days of using marijuana during the month before each visit) reflected the average number of days of use during the months before and after each visit. We estimated the cumulative lifetime use by adding the total number of days using marijuana during follow-up. We adjusted our estimate upward whenever directly self-reported lifetime use was higher than our computed estimates. 8 
Outcome Measure
Cognitive function was assessed by trained and certified CARDIA technicians who administered a battery of 3 cognitive tests at the year 25 visit. 9 The Rey Auditory Verbal Learning Test (RAVLT) mainly assesses verbal memory through the ability to memorize and retrieve lists of 15 words. The RAVLT yields 3 separate scores; in the main analyses we used the delayed (25 minutes) free recall score only (and used the other 2 in sensitivity analyses [eAppendix 1 in the Supplement]). 10 The Digit Symbol Substitution Test assesses visual motor speed, executive function, sustained attention, and working memory; we refer to this domain as processing speed. 11 The Stroop Interference Test evaluates the ability to view complex visual stimuli and to respond to 1 stimulus dimension while suppressing the response to another dimension; we refer to this domain as executive function. 12, 13 The resulting interference score provides a measure of how much additional executive processing is needed to respond to an incongruent trial; thus, a higher interference score indicates worse performance on the task. The inverse of this score was used in the present analyses such that increasing scores indicate better performance. Each measure was standardized by dividing the score by the within-CARDIA standard deviation and subtracting the mean such that absolute and relative differences in these standardized measures are comparable.
Other Covariates
Cigarette smoking behavior was evaluated during each in-person CARDIA visit and at yearly contacts via the telephone between CARDIA visits. These data were used to estimate cumulative lifetime exposure to cigarettes in terms of pack-years, with 1 pack-year of exposure equivalent to smoking 1 pack of cigarettes per day for 1 year. 8, 14 We estimated lifetime alcohol consumption in drink-years, defining 1 drink-year as the amount of alcohol consumed in 1 year by a person consuming 1 drink per day (eAppendix 1 in the Supplement). 15 We estimated total lifetime episodes of acute heavy exposure to alcohol (bingeing), defined as reporting 5 or more drinks on 1 occasion. We estimated total number of lifetime exposures to cocaine (including other forms of cocaine, such as crack, powder, or freebase), amphetamines (speed, uppers, or methamphetamines), and heroin (eAppendix 1 in the Supplement). 16, 17 Educational level was measured as the maximum educational grade attained for each participant across reports at each visit. Physical activity was measured with the CARDIA Physical Activity History questionnaire, which queries the amount of time per week spent in 13 categories of leisure, occupational, and household physical activities during the past 12 months. 18 Self-reported depression was measured every 5 years starting at the year 5 visit using the Center for Epidemiologic Studies Depression scale. 19 We used cardiovascular risk factor measurements, including blood pressure, blood cholesterol levels (total, low-density lipoprotein, and highdensity lipoprotein cholesterol, as well as triglyceride levels), fasting glucose level, and body mass index, and calculated cumulative exposures to these measurements and for physical activity and depression (area under the curve for continuous measurements [eAppendix 1 in the Supplement]). 20 The number of years using antidepressant medication was computed by adding the number of years reporting the use of 1 or more antidepressant medication (eAppendix 1 in the Supplement). Self-reported schizophrenia was based on self-reported mental disease, reasons for hospitalizations, and reasons for taking a psychoactive medication (eAppendix 1 in the Supplement). At year 2, the mirror star tracing test was conducted to elicit reactive blood pressure. In the mirror star tracing test, participants had to trace the outline of a star from a reversed image displayed in a mirror while staying within narrow limits. 21 
Statistical Analysis
Data analysis was performed from June 7, 1986 , to August 31, 2011. We used descriptive statistics to compare participants with different levels of exposure to marijuana at the year 25 visit. We then described unadjusted associations between marijuana use (current and lifetime) and each cognitive function measure, before and after standardization. Current and lifetime marijuana exposure were significantly associated with each other, and their potential effects on cognitive function were difficult to differentiate owing to colinearity and potential interactions in their effects on cognitive function. Given our primary goal of assessing potential effects of cumulative marijuana exposure, we eliminated the obscuring influence of current marijuana use by excluding the few CARDIA participants who were currently using marijuana at the year 25 visit from our primary analyses. We used linear regression to assess independent associations between years of exposure to marijuana and cognitive function outcomes. We estimated a sequence of models: the first model was unadjusted; the second model controlled for the covariates used to achieve a balance of sampling in CARDIA: age, race/ethnicity, sex, study center, and years of education. The third model additionally controlled for covariates potentially associated with both marijuana use and cognition: use of alcohol, cocaine, amphetamines, and heroin; age the participants started smoking cigarettes; cardiovascular risk factors; physical activity; body mass index; depression; and type 2 diabetes mellitus at the year 25 visit. Educational level, drink-years of alcohol, physical activity, and body mass index were flexibly modeled using restricted cubic splines with 3 knots at the quartiles of their distributions. To minimize potential bias due to informative censoring, we used inverse probability of censoring weights (eAppendix 1 in the Supplement). 25 We adjusted for the mirror star tracing test score at year 2 (near baseline) to minimize reverse causation as an explanation for any associations between marijuana use and the year 25 cognitive function scores, and we assessed correlations between mirror star tracing test scores and year 25 cognition and marijuana use to further investigate this potential issue (eAppendix 1 and eAppendix 2 in the Supplement). Schizophrenia and psychotropic medication have been associated with both cognitive impairment and marijuana use and could therefore act as confounders of the association between marijuana use and cognitive function. 26, 27 We evaluated the sensitivity of the analyses to inclusion of self-reported schizophrenia (eAppendix 1 in the Supplement) as a covariate in the multivariable adjusted models and by exclusion of participants with self-reported schizophrenia.
We also tested the sensitivity of the results by inclusion of psychoactive medications in the main multivariable model. We also tested the association between cumulative years of exposure to marijuana with the components of the RAVLT (eAppendix 2 and the eFigure in the Supplement). Tests of statistical significance were 2-tailed, with P < .05 considered significant. All analyses were conducted using STATA, version 13 (StataCorp LP).
Results
Of the 3499 participants reassessed at the year 25 visit, 3385 (96.7%) had data on cognitive function and 3326 (95.1%) had complete data on all 3 cognitive outcomes. Attrition was more common among men, black participants, those with heavy marijuana use, tobacco smokers, and cocaine users (eAppendix 2 in the Supplement). Most participants (2852 [84.3%]) reported having used marijuana before or during the 25 years of follow-up, but most had relatively few cumulative years of exposure ( Table 1) . 8, 18, 19, [28] [29] [30] [31] Total years of marijuana exposure was significantly associated with other participant characteristics, including race and sex, educational level, study site, other substance use, physical activity, body mass index, high-density lipoprotein cholesterol and triglyceride levels, and total number of stars completed and errors on the mirror star tracing test, and weakly associated with depressive symptoms and antidepressant medication use (Table 1) .
In unadjusted analyses, current marijuana use at the year 25 visit was associated with worse verbal memory (RAVLT) and processing speed (Digit Symbol Substitution Test) (eTable in the Supplement), while lifetime exposure was associated with worse performance on all 3 measures of cognitive function ( Table 2) . In preliminary analyses, we found evidence of a negative interaction between years of marijuana use and current use at the year 25 visit in both unadjusted (P < .001) and multivariable-adjusted models (P = .03) for the RAVLT, such that past marijuana use appeared to be less important as a predictor of verbal memory among participants who were currently using marijuana (eAppendix 2 in the Supplement). With or without exclusion of current users, lifetime exposure to marijuana was associated with reductions in all 3 measures of cognitive function (Table 2 ).
In fully adjusted analyses excluding current users, lifetime exposure to marijuana remained significantly associated with worse verbal memory (RAVLT), even after extensive adjustment for other factors associated with marijuana use and mirror star tracing scores at the year 2 visit ( Table 3) . The association was dose dependent, with no evidence of nonlinearity (Figure) ; each additional 5 years of exposure to marijuana was associated with 0.13 lower standardized units in the b P values are from 1-way analyses of variance for age, BMI, systolic and diastolic blood pressure, LDL cholesterol, HDL cholesterol, and triglyceride levels; from a χ 2 test for race and sex, college education, study center, income, and alcohol use category; and from a Kruskal-Wallis nonparametric test for pack-years, years of education, cigarettes smoked per day, drink-years, binge-drinking days, and physical activity. All P values are 2-tailed. c By design, the CARDIA study sampled self-identified white men, white women, black men, and black women in roughly equal numbers for participation in the study. using the illicit drug listed over the study duration was computed using current exposure at each visit and replaced by lifetime exposure when the latter was higher. Cocaine included other forms of cocaine such as crack, powder, freebase; amphetamines included speed, uppers, and metamphetamines. j Physical activity measured with the CARDIA Physical Activity History questionnaire, which queries the amount of time per week spent in 13 categories of leisure, occupational, and household physical activities over the past 12 months. 18 k Self-reported depression was measured every 5 years starting at the year 5 visit by using the CES-D. 19 A score of 16 or higher was used as the cutoff value for both sexes as an indication of clinically significant depressive symptoms. Self-reported schizophrenia based on self-reported mental disease, reasons for hospitalizations, and reasons for taking a psychoactive medication. n Mirror star tracing test performed at the year 2 visit to test blood pressure reactivity, which tests cognitive domains similar to the Stroop test; 280 of 3385 participants (8.3%) were missing data on mirror star tracing.
RAVLT (95% CI, -0.24 to -0.02; P = .02) ( Table 3 ). In contrast, adjusted models demonstrated no association of cumulative marijuana exposure with processing speed and executive function (Digit Symbol Substitution Test and Stroop Interference Test; Table 3 ). In multivariable-adjusted analyses, total number of stars completed and errors were not associated with higher marijuana use at the year 2 visit and over 25 years of follow-up (eAppendixes 1 and 2 in the Supplement). Total number of stars completed and errors were associated with cognitive function scores at the year 25 visit in both unadjusted and adjusted analyses (eAppendixes 1 and 2 in the Supplement). In exploratory analyses, the attenuation of the association between marijuana exposure and all 3 measures of cognitive function was seen mostly after adjustment for race and sex strata and educational level. Sensitivity analyses demonstrated no evidence of significant interactions by race or sex (P > .10 for all tests). Our method of identifying participants with a potential diagnosis of schizophrenia through self-reported mental disease, reasons for hospitalizations, and reasons for taking psychoactive medication identified 28 participants in the entire CARDIA cohort of 5115 (0.5%). Of those, 14 of 3385 attended the year 25 visit (0.4%) compared with 14 of 1730 not attending (0.8%) (P = .07 for those not attending the year 25 visit). Results were virtually unchanged when including this covariate in the main multivariable-adjusted model and the inverse probability of censoring weights or excluding these participants from the main analyses. Similarly, inclusion of the predictor of antidepressant medication led to similar results. 
Discussion
In this large community-based cohort of white and black young adults followed up over 25 years, we found a dose-dependent independent association between cumulative lifetime exposure to marijuana and worsening verbal memory in middle age. For each additional 5 marijuana-years of exposure (1825 days of use), verbal memory was 0.13 standardized units lower after full adjustment than for those who had never used marijuana, corresponding to a mean of 1 of 2 participants remembering 1 word fewer from a list of 15 words for every 5 years of use. We found no significant associations of cumulative exposure with executive function or processing speed.
Our findings are consistent with those of previous studies demonstrating associations between heavy exposure to marijuana and cognitive function, but, to our knowledge, the association with lower levels of marijuana exposure has not previously been demonstrated. [3] [4] [5] 32, 33 In one study, for example, the association with verbal memory was apparent only among those with heavy long-term use of marijuana (n=51), 4 defined as use of marijuana every day or nearly every day for more than 20 years (23.9 years of use), compared with more recent use (10.2 years of use; n=51) or nonusers (n=33). In an- Analyses weighted by the inverse probability of censoring to address potential bias by informative censoring. e Additionally adjusted for cumulative and current exposure to licit and illicit substances and other covariates. f Additionally adjusted for total number of stars completed and errors made drawing the stars. Participants with missing data on mirror star tracing test excluded (n=280). g The inverse of the Stroop score was used in the present analyses to allow interpretation of worse cognitive function with negative standardized scores for all 3 cognitive function tests.
other study, investigators used 38 years of follow-up data from 1037 participants in a birth cohort in New Zealand and found that persistent regular cannabis use (4 days per week or more) was associated with neuropsychological decline, while those who reported nonregular use (508 [50.6%] of the total) showed no decline in IQ or neuropsychological performance. 5 Similarly, a longitudinal study with 10 years of follow-up found evidence of cognitive decline with heavy marijuana use, 33 but those who stopped using marijuana during follow-up did not show a decline in IQ score. In contrast, with more detailed measurement of lifetime marijuana exposure in a larger sample, we were able to detect a negative association at lower levels of cumulative use and among persons with remote past exposure to marijuana. The extent of association between worse verbal memory and cumulative marijuana use is of uncertain clinical significance. In the context of cognitive decline after stroke, Levine et al 34 The mechanism by which marijuana exposure might affect verbal memory is unclear but might be explained by the potential effect of tetrahydrocannabinol on the way in which information is processed in the hippocampus. 35 Marijuana use has been associated with functional changes in the activation of brain regions involved in associative learning, 36 particularly in the parahippocampal regions and the dorsolateral prefrontal cortex. [36] [37] [38] Some have found suggestions of lower hippocampal and amygdala volumes in those with heavy, longterm use of marijuana (>5 joints daily for >10 years), 39 as well as alterations in the cerebellum, frontal cortex, 36 and medial temporal cortex, 38 although other researchers were unable to confirm these findings. 35, 40 Numerous issues related to the methods, such as variation in imaging techniques and in measurement of exposures, dose-threshold effects, and small sample sizes, limit the possibility for drawing significant conclusions on the published findings. 36, 38 Our study has limitations. We constructed a marijuana exposure measurement from self-reported information collected prospectively and periodically over 25 years, but selfreport is not always reliable, 41 measurements were infrequent, and age of exposure, especially during adolescence and young adulthood, was not queried. However, even if imprecise, the repeated question over the 25 years was prospectively obtained and allowed us to demonstrate a potential deleterious association, one that is not easily studied without a large, well-characterized cohort with long-term follow-up, such as the CARDIA study. Another limitation is the availability of cognitive function measurements at only 1 time point, which limits our ability to pinpoint when a change in the outcome might have occurred and associate it in time with a change in exposure. We found no significant change in the measure of association between cumulative marijuana exposure and measures of cognitive function after inclusion of the mirror star tracing tests score measured early in life (year 2 visit). Even with this adjustment, we cannot rule out reverse causation as an explanation for our results. 5 While some have suggested that the mirror star tracing test measures aspects of executive function, 22, 24 to our knowledge, no study has compared the cognitive function domains measured in the mirror star tracing test and those measured in the other tests used at the year 25 visit. Factors significantly associated with marijuana use could confound the association between marijuana and cognitive function. The New Zealand study, for example, has been criticized for lack of adequate control of socioeconomic status, 42 even though additional analyses have shown that controlling for socioeconomic status did not attenuate the association between sustained daily marijuana use and worse IQ.
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In our study, the observed associations were substantially attenuated by control for core demographic variables, including educational level, race, and sex. However, adjustment for a host of additional behavioral, psychosocial, and cardiovascular risk factors available, including self-reported schizophrenia and psychoactive medication, did not further attenuate the estimates.
Conclusions
We found past exposure to marijuana use to be significantly associated with worse verbal memory in middle age. Future studies with multiple assessments of cognition, brain imaging, and other functional outcomes should further explore these associations and their potential clinical and public health implications. In the meantime, with recent changes in legislation and the potential for increasing marijuana use in the United States, 44 continuing to warn potential users about the possible harm from exposure to marijuana seems reasonable.
45
